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A battery emulation device for simulating a battery cell volt-
age at a terminal of a battery control unit 1n accordance with
a setpoint value includes a control unit configured to deter-
mine the setpoint value and provide the determined setpoint
value via a galvanically 1solated interface; and at least one
emulation channel, each including: a voltage source; an
amplifier unit; connection lines for connecting the emulation
channel; measurement lines; and a fault simulation device
configured to simulate fault states.
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BATTERY SIMULATION SYSTEM HAVING
FAULT SIMULATION

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This patent application claims priority to German Patent
Application No. 10 2010 043 "/61.1, filed on Nov. 11, 2010,

which 1s hereby incorporated by reference herein in its
entirety.

FIELD

The present invention relates to a device and to a method
for simulating fault conditions during testing of battery con-
trol units.

BACKGROUND

High-voltage batteries for hybrid or electric-powered
vehicles are often composed of series connected single cells.
These are manufactured as nickel-metal hydride (IN1-MH),
lead or lithtum 10n (L1-10n) based cells, for example. In the
case of Li-1on cells, the nominal voltage 1s approximately 3.6
V. the final charging voltage 1s 4.2 V. Voltages of over 600V
are generated by implementing a series connection. Connect-
ing single cells 1n series can lead to a failed or weakened cell
alfecting the entire battery stack. To monitor such high-volt-
age and thus safety-critical batteries, battery control units are
used 1 hybrid and electric-powered vehicles whose purpose
1s to protect the individual cells from overcharging, overdis-
charging and thermal overloading, and to prolong the lifetime
thereol. To this end, efforts are continually directed towards
adapting all cells to the same charge condition. In addition,
the battery control unit must estimate the remaining battery
capacity from the available parameters and make the calcu-
lated value available to the higher-level hybrid control unait.
The communication 1s normally carried out via the vehicle
CAN (controller-area network) bus.

The structure of a battery control unit 1s organized into the
actual battery management system (BMS) and the cell mod-
ules (CM). They are interconnected via an 1solated CAN bus.
In each case, a CM 1s assigned to a cell stack, which 1s a subset
of all single cells of the battery and 1s responsible both for
measuring the cell voltages, as well as for selectively dis-
charging individual cells. For this purpose, the CM has a
switch (transistor) for each cell that, 1n the ON state, connects
the cell to a load via a resistor.

By activating the associated switch, the control unit always
loads those cells which have a higher voltage level than the
remaining cells. This mechanism of cell charge compensation
has the effect of keeping all cells of the battery at the same
charge level. Ditfferences 1n cell behavior are thus evened out.

Generally, to ensure proper control umt functioning, dif-
ferent types of tests are performed at different development
stages. If hardware and software are already available for a
control unit, what are known as hardware-in-the-loop (HIL)
tests are normally carried out, 1n which the presence of a
controlled system, as well as possibly of other external com-
ponents or other control units, 1s stmulated for the control unit
to be tested. In the case of a motor controller, the controlled
system 1s the motor, for example, or 1n the present instance of
a battery control unit, it 1s the battery. External components
can be other control units, for example, to which the control
unit to be tested 1s connected via a bus and with which 1t
communicates via messages. Such control units are often
simulated by what 1s generally referred to as a restbus simu-
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lation, 1n which only those messages to be expected from the
control unit to be tested are simulated on a bus.

Generally, the HIL simulation can take place at different
levels:

At the signal level, only the digital signals are computed 1n

a simulation model on a suitable processing unit, for
example a real-time processor, and transmitted to the
processing unit of the control unit. This requires access
to a suitable signal interface. Often, this necessitates
opening the control unit to be tested, particularly when
testing control units for electric motors. Such tests are
relatively simple to carry out, as soon as the signal inter-
face 1s exposed. However, they cannot be used to verily
the reliability performance of the power electronics.
Real currents and/or voltages, which are generated 1n
accordance with a simulation model, are transmuitted at
what 1s generally known as the “power level” directly via
the power electronics of the control unit to the same.
This 1s also referred to as emulation when generating
these voltages and currents.

At this test level, not only 1s the control algorithm of the
control unit tested, but also the power electronics
thereol. Since the controlled system 1s only simulated, 1t
1s readily interchangeable, and the tests can be flexibly
adapted to different situations.

When simulation 1s performed at the mechanical level, the
complete unit, composed of the control unit and the
physically present controlled system, can be tested on a
mechanical test bench using an electric motor or a
throttle valve, for example. These tests are very expen-
stve, rather inflexible and, to some extent, also safety
critical. However, they permit testing of load conditions
in real-world operation.

Fault sitmulations used for testing the reaction of the control
unit to fault situations make up another important component
of HIL tests. To simulate cable ruptures or similar faults,
additional plug-in cards for HIL systems, generally referred
to as failure isertion units (FIUs), are normally available.
They encompass circuits having switches that are control-
lable remotely and by automation to simulate cable ruptures,
short circuits and/or mistakenly interchanged terminals for all
control unit connections. There are FIU cards both for sen-
sors, as well as for actuators; they being additionally com-
bined with load cards, 1n the case of actuators.

Only tests for battery control units are discussed in the
following. In this context, merely the control strategy of the
BMS 1s to be examined; thus, 1t suifices to test only the BMS.
In this case, the CM are simulated at the signal level. How-
ever, to test the entire battery control unit at the power level,
all or atleast one CM must be integrated in the HIL system. As
a controlled system, 1t 1s necessary to include both a real-time
battery simulation model, as well as a cell voltage emulator
for outputting the analog terminal voltage. Battery simulation
models and cell voltage emulators are commercially avail-
able. Examples of commercially available battery stmulation
models may be found, for example, 1n “Electric Drive Tech-
nology at dSPACE,” a brochure published by dSpace and
available on the Internet at dspace.de/shared/data/bkm/Elec-
tricalDrive_en/blaetterkatalog/.

These battery simulation models for testing battery control
units simulate the battery behavior as an interconnection of a
plurality of single cells. In this context, the cell model repro-
duces the cell voltage and the charge state of a battery cell.
The typical cell behavior of different cell technologies, such
as [1-1ons, Ni1-MH or lead, can be taken into consideration.
This includes differences in charging and discharging, as well
as the dynamic performance in response to loading step
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changes, and residual currents caused by gassing efiects, for
example. Normally, the battery simulation model also pro-
vides one or a plurality of temperature values that are simu-
lated for the control unit, for example also via the hardware
unit of the cell voltage emulators. The battery model 1s then
composed of individual cell models. In this context, 1t sup-
ports the series connection of cells to reach the required
voltage level, as well as a parallel connection and the currents
resulting therefrom. Individual cell parameters and states,
such as internal resistance or initial charge state, remain 1ndi-
vidually settable 1n the process, and the resulting cell voltages
can also be made available to the battery control unit on an
individual basis. The currents adjusted by the battery control
unit for the cell charge compensation are then likewise con-
sidered. In the process, parameterization may be handled by
graphical user interfaces. An example of such a graphical user
interface 1s the ModelDesk program referenced at page 315 of
“Catalog 20107 published by dSPACE, available at
dspace.de/shared/data/bkm/catalog2010/blactterkatalog/.

Cell voltage emulators are normally composed of 1ndi-
vidual, controllable voltage sources, whose setpoint voltage
values are determined by the battery model. A cell voltage
emulator 1s often modularly constructed by interconnecting a
plurality of emulation units which each include a group of cell
emulation channels having a separate, controllable voltage
source. To supply power to an emulation unit, a power supply
unit 1s used, whose voltage 1s distributed by DC/DC convert-
ers to emulate an 1ndividual battery cell per cell emulation
channel. The channels are galvanically isolated from one
another and are connectable 1n series, as well as 1n parallel.
Presently, total voltages of nearly 1000 V are reached 1n the
case of a series connection. Higher currents can be produced
in the case of the parallel connection. Besides the voltage
supply of a few volts, a single emulation channel includes an
amplifier unit for controlling the cell voltage in accordance
with the predefined setpoint value. A relatively broad voltage
range for a single emulation channel permits emulation of
defective cells. For example, a short-circuited cell can be
emulated by outputting 0 V. On the other hand, a voltage
greater than the nominal voltage emulates an increased inter-
nal resistance of the cell during the charging process. In order
to realistically emulate a battery, it 1s necessary to rapidly
correct setpoint value step changes. Currently requirements
stipulate that this take place 1n less than 500 us.

The requisite, fast closed-loop control of the voltage
sources 1s mostly performed by a control unit, 1.¢., a fast
processing umt. For this purpose, an FPGA (field-program-
mable gate array) may be provided, for example, which 1s
able to control the channels of a plurality of emulation units.
The setpoint voltage values are transmitted (digitally) to the
amplifier units of the individual emulation channels via a bus
connection having a galvanically i1solated interface to the
channels, for example through optocouplers. The control unit
exchanges data with a higher-order processing unit on which
the battery simulation model 1s executed 1n accordance with
which the setpoint voltage values are determined for the bat-
tery emulation. As in the case of a battery in real-world
operation, the emulated cell voltages are also connected 1n
series 1n the emulation process.

The voltage 1s measured 1n the control unit, 1.e., 1n the CM,
with a high degree of precision since the battery cells often
have a very tlat discharge curve. For this reason, a high degree
ol precision 1s required when emulating the cell voltages.
Deviations higher than 2 mV are frequently not tolerable. The
cell charging compensation function loads the emulated volt-
age source with several hundred mA. The accuracy of the
voltage must be retained during loading; 1t 1s, therefore, nec-
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essary to compensate for a voltage drop on the lines from the
emulation to the control unit. For this purpose, each cell
emulation channel 1s provided with a measurement line
which picks off the exact voltage value at the input of the CM
for the amplifier unit. Moreover, 1n each cell emulation chan-
nel, the compensation current 1s recorded, transferred to the
control unit, and taken into consideration in order to correctly
simulate the charge state. Another measurement line 1s used
to examine whether the voltage value of the reference poten-
tial, which, 1n the case of the series connection of the cells and
channels 1s defined by the potential of the voltage source
connected 1n mcoming circuit, also conforms with the voltage
value that the control unit records for the voltage source
connected 1n 1ncoming circuit.

However, a disadvantage of the afore-mentioned battery
simulation systems 1s that they are not capable of simulating
faults, such as cable ruptures, etc., since the high voltages and
the additional measurement line required 1n battery emulation
systems preclude the use of the failure simulation cards (FIU
cards) normally used 1n HIL simulations.

SUMMARY

In an embodiment, the present invention provides a battery
emulation device for simulating a battery cell voltage at a
terminal of a battery control unit in accordance with a setpoint
value, the battery emulation device including: a control unit
configured to determine the setpoint value and provide the
determined setpoint value via a galvanically 1solated inter-
face; and at least one emulation channel, each including: a
voltage source; an amplifier unit; connection lines for con-
necting the emulation channel; measurement lines; and a fault
simulation device configured to simulate fault states.

In another embodiment, the present invention provides a
method for testing a battery control unit using a battery emu-
lation device having a control unit and at least one emulation
channel for emulating a battery cell voltage at a terminal of
the control umit, the method including: providing a connec-
tion from the at least one emulation channel to a reference
potential, to a terminal of the battery control umt, and to at
least one other emulation channel; recording the reference
potential at another terminal of the control unit and recording,
an output voltage of the emulation channel at the terminal of
the battery control unit; transferring measured voltages to an
amplifier unit; and simulating a fault state by controlling at
least one switch provided in the at least one emulation chan-
nel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a schematic representation of a battery con-
trol unit connected to a battery;

FIG. 2 depicts a schematic representation of a battery emu-
lation device connected to a cell module of a battery control
unit;

FIG. 3 depicts a schematic representation of an emulation
channel; and

FIG. 4 depicts a schematic representation of an emulation
channel having an emulation circuit.

DETAILED DESCRIPTION

In an embodiment of the present invention, a battery emu-
lation device having a control unit and at least one emulation
channel 1s provided for simulating a battery cell voltage at a
terminal of a battery control unit in accordance with a setpoint
value predefined by the control unit and provided via a gal-
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vanically 1solated interface. The emulation channel has a
voltage source having an amplifier unit for controlling the
output voltage, connection lines for connecting the emulation
channel, 1n particular to a reference potential, to a terminal of
the battery control unmit, and, to an emulation channel con-
nected 1n outgoing circuit, and the emulation channel further
has measurement lines. The measurement lines are provided
to record the reference potential of another terminal of the
control unit and the output voltage of the emulation channel at
the terminal of the control unit, the measurement lines being,
used for transferring the measured values to the amplifier unit
which uses them to control the output voltage 1n closed loop
in accordance with the determined setpoint value. In an
embodiment, the emulation channel has means for sitmulating
fault states, 1n particular cable ruptures.

In an embodiment, provided are a first connection line
having an input terminal for connecting the controllable volt-
age source to a reference potential, 1n particular to an output
terminal of an emulation channel connected 1n 1ncoming cir-
cuit, a second connection line having a pick-oil terminal for
connecting the output voltage of the controllable voltage
source to a corresponding terminal of a battery control unit,
and a third connection line having an output terminal for
connecting the output voltage of the controllable voltage
source to a load, in particular to an mput terminal of an
emulation channel connected 1n outgoing circuit.

A first measurement line for recording the value of the
reference potential, as 1s present at a first terminal of the
control unit, and a second measurement line for recording the
value of the output voltage, as 1s present at a second terminal
of the control umit, may further be provided.

In this embodiment, any suitable circuit elements—such as
relays, MOSFETs, IGBTs, bipolar transistors or also high-
voltage resistant switches—hereinafter also denoted as
“switches,” are to be mitially understood as means for simu-
lating fault states.

In an embodiment, provided in the first and 1n the second
connection line of the emulation channel of the battery emu-
lation device according to the present invention, are switches
for simulating fault states, 1n particular a first switch for
simulating a cable rupture of the cell connector between two
battery cells, as well as a second switch for simulating a cable
rupture 1n the connection between the control unit and the
battery cell, the switch being controllable by the control unit
via the galvanically 1solated interface.

In accordance with another advantageous use of the second
switch, the control unit may be safely 1solated from the bat-
tery emulation device for the initial operation.

In an embodiment, the first connection line and the first and
second measurement lines may be connected to the amplifier
unit inputs, and the second and the third connection lines may
be connected to the amplifier unit output.

In this embodiment, “measurement line” connotes high-
resistance lines or highly resistively coupled lines that are
used solely for performing a measurement, preferably a volt-
age measurement, and no significant current tlows through
these “measurement lines.” In contrast, “connection line”
connotes a current-conducting connection.

To prevent overdriving the amplifier 1n the case of an open
connection line and to suppress potential interference signals
from entering the emulation channel amplifier via the mea-
surement lines, a preferred embodiment provides that con-
trollable switches may also be installed 1n the measurement
lines. A third switch may be provided that, 1n a first switching
state, closes the first measurement line, and, 1n a second
switching state, connects the input of the first measurement
line leading into the amplifier unit with the iput of the first
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connection line leading into the amplifier unit, so that the
value incoming via the first measurement line 1s the same as
the value recorded as a reference potential from the amplifier
unmit. A fourth switch may further be provided that, i a first
switching state, closes the second measurement line, and, 1n a
second switching state, connects the input of the second mea-
surement line leading into the amplifier unit with the output of
the amplifier unit, so that the value incoming via the second
measurement line 1s the same as the value of the output
voltage from the amplifier unait.

It 1s, therefore, provided that, in a method for simulating
faults using the battery emulation device 1n accordance with
an embodiment of the present invention, when a switch 1s
opened 1n a connection line to simulate a cable rupture, the
switch 1n the corresponding measurement line 1s switched
over from a first switching state to a second switching state at
the same time, so that the measured value 1s picked off by the
measurement line not at the terminal of the control unit, but
rather at the corresponding connection line upstream of the
simulated cable rupture. Thus, the input of the first measure-
ment line leading 1nto the amplifier unit 1s connected with the
input of the first connection line leading into the amplifier
unit, and the mput of the second measurement line leading
into the amplifier unit 1s connected with the output of the
second connection line leading out from the amplifier unit.
This means that the third switch 1n the first measurement line
1s switched at the same time as the first switch for simulating
a cable rupture of the cell connector, and/or the fourth switch
in this second measurement line 1s switched at the same time
as the second switch for simulating a cable rupture 1n the
connection between the control umit and the battery cell.

The switches may be configured as relays. In addition, the
relay switches between the battery emulation device and the
control unit advantageously provide a reliable cut-off mecha-
nism for the separation from the control unit and simulation
device. It 1s advantageous when, 1n parallel to the switch
setting of the second circuit state of the third and the fourth
switch, a capacitor or a resistor or a combination of resistor
and capacitor are still connected 1n each case, i order to
attenuate overshooting during switch-over processes. Con-
necting a resistor 1 an incoming circuit prevents an overdriv-
ing in the case of a switched-oil measurement line.

The galvanically 1solated data communication between the
emulation channel and the control unit may be realized, for
example, by optocouplers and a flat band cable connection
connected thereto. The data link 1s preferably a bus connec-
tion; and the control unit 1s implemented 1n an FPGA.

The control unit communicates, 1n turn, with a higher-level
processing unit on which a battery simulation model 1s
executable. The higher-level processing unit encompasses,
for example, a processor, a plurality of processors, or a pro-
cessor and an FPGA. The control unit recetves the setpoint
values for the cell voltages from the battery simulation model
that 1s executed on the processing unit.

A plurality of emulation channels may be combined on one
plug-in card for an emulation unit.

The voltage supply for the emulation unit 1s provided 1n an
embodiment via a line voltage, with DC/DC converters being
used for supplying the emulation channels. 24 V of the power
supply unit may be converted into voltages of between +10V
and —10 V. The line voltage i1s constant. The output voltage
from the amplifier unit for emulating the cell voltage is
adjusted by the control unit 1n accordance with set values
from the battery simulation model.

An emulation channel may include a current measuring
unit preferably integrated in the amplifier unit for recording
the compensation current controlled by the control unit. The
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values ascertained by the current measurement are commu-
nicated via the galvanmically i1solated data connection to the
control unit, from where these measured values are transmait-
ted to the higher-level processing unit having the battery
simulation model.

The fault simulation switch 1s likewise controlled in an
embodiment by the control unit via the galvanically 1solated
data bus connection of the emulation channel 1n accordance
with values set in the battery stmulation model or by auser via
a user interface for setting test sequences and for parameter-
ization (which may be a graphical user interface).

In one embodiment, an emulation unit 1s implemented on a
plug-1n card and encompasses a plurality of emulation chan-
nels, preferably four. The individual emulation channels may
be galvanically 1solated from one another. The galvanic 1so-
lation between the individual emulation channels within one
emulation unit does not need to be rated as high as the 1sola-
tion between emulation umt and the surroundings, 1.e.,
between the emulation unit and the surroundings 1n a broader
sense. In the first mentioned case, an 1solation of preferably
more than 10 V suffices; in the latter case, the 1solation 1s
preferably rated for voltages of up to 1 kV.

An embodiment of the present invention provides that the
emulation channels be connectable both 1n series, as well as in
parallel, 1n order to increase the output current from an emu-
lation unit, 1.e., to emulate a higher cell current. For example,
one single channel may also be used to simulate a temperature
SENnsor.

The control unit may be implemented on a separate plug-in
card and encompasses the control processing unit, for
example, an FPGA, and a data-bus driver for exchanging data
with the emulation units and emulation channels via a bus
connection. This may be implemented by ribbon cables. This
makes 1t readily possible to connect the control unit to several
emulation units. Via this bus connection, both the data and
commands for battery cell emulation, as well as for fault
simulation are transmitted. Since the interface for the data bus
1s galvanically 1solated at each emulation channel, a galvani-
cally 1solated control of the switches i1s ensured for fault
simulation.

The appropriate terminals are preferably placed on an emu-
lation unit plug-in card 1n a way that makes them readily
accessible when the plug-in card i1s mserted into a module
carrier. The terminals may preferably be provided at a readily
accessible end of a plug-1n card, for example, at the end of the
plug-in card that 1s not directly fastened to the housing of the
module carrier. The appropriate terminals include, for
example, a shielded Sub-D connector for connecting the bat-
tery emulation to the control unit and a terminal for supplying,
power (preferably 24 V). This configuration provides ease of
operation for manipulating the terminals when the plug-in
cards are 1nserted mto a 19"/3HU module carrier, for
example.

The battery emulation device according to embodiments of
the present invention shall be explained in further detail here-
inafter with reference to the drawings. Functionally similar or
identical circuit elements are referred to using the same ret-
erence numerals.

FIG. 1 shows an exemplary simplified circuit diagram of a
battery control unit 1 connected to a battery 1n an electric
vehicle. Battery control unit 1 1s composed of a BMS control
unit 2 and a plurality of CM control units 3, the CM control
units 3 and the BMS being interconnected via an isolated
CAN bus. A CM 1s assigned 1n each case to a cell stack, 1.e.,
to a subset of all single cells of the battery (not shown 1n FIG.
1). The CM control units 3 monaitor, inter alia, the voltages of
the individual batteries cells and of the battery cell stack.
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FIG. 2 shows a schematic representation of a battery emu-
lation device 5, which 1s connected to a higher-order process-
ing unit 4, through which a battery simulation model (not
shown) 1s executable, and to a cell module (CM) 3 of a battery
control unit 1.

Battery emulation device 5 includes a control unit 7, a
plurality of emulation units 6, 6' having emulation channels 8,
8'. 8", which feature connection lines 11q, 115, 11¢, 114" and
measurement lines 9a, 94', 96, 95'. The emulation channels
are connected to mputs 104, 104" of battery control unit 1, or
rather of a CM 3 of a battery control unit 1.

In the battery simulation model, the cell voltage and the
charge state of a battery cell are computed for each cell. It will
be appreciated that the typical cell behavior of different cell
technologies, such as Li-1ions, N1-MH or lead may be taken
into account during the computation. The computation may
be performed for 1dentically constructed cells, such that only
one reference cell and the differential voltages of the other
cells are considered 1n relation to this reference cell. The
calculated cell voltages are transmitted as setpoint values to
control unit 7, either via copper or optical cables 20. A digital
data interface may be used—e.g., an LVDS interface. This
type of connection between processing unit 4 and control unit
7 ensures a galvanically 1solated data transmission for pro-
tecting the simulation computer.

Control unit 7 communicates, 1n turn, with emulation units
6, 6', preferably via a data-bus connection 21. It includes a
control logic unit, for example an FPGA, and a data-bus
driver for data-bus connection 21. On the basis of the pre-
defined setpoint values, control unit 7 controls emulation
channels 8, 8', 8", which emulate the cell voltages, but also
transiers simulation-related data to processing unit 4, for
example current values, that are recorded in emulation units
6, 6', or simulated temperature values.

Emulation channels 8, 8'. 8" each include a controllable
voltage source 15 and an amplifier unit 13 (shown 1n FIGS. 3
and 4). Emulation channels 8, 8', 8" simulate the cell voltages
of individual battery cells for their associated CM 3. They are
galvanically 1solated from one another, but may be connected
in series as in the case of cells of a real-world battery. They
may also be connected in parallel in the case that a higher
current flow 1s required, so that a plurality of emulation chan-
nels 8, 8', 8" emulate a voltage cell or simulate another cur-
rent. FIG. 2 shows the series connection of emulation chan-
nels 8, 8', 8" for testing CM 3 and the entire battery control
unit 1. The interconnection 1s provided by connection lines
11.

A first connection line 11q having an input terminal 10a for
connecting emulation channel 8 to a reference potential, 1n
particular to the output voltage of an emulation channel 8
connected 1n mcoming circuit, 1s provided at an emulation
channel 8. Also provided are a second connection line 115
having a pick-off terminal 106 for connecting the output
voltage of emulation channel 8 to terminal 104 of battery
control unit 3, and a third connection line 11¢ having an
output terminal 10c for connecting the output voltage from
emulation channel 8, in particular to an input terminal 10a" of
an emulation channel 8" connected 1n outgoing circuit. If
emulation channel 8 were the last emulation channel of a
battery simulation, then terminal 10¢ would not be needed,
1.€., connection line 11¢ would remain open.

Those skilled 1n the art will further appreciate that connec-
tion lines 115 and 11¢ may be constituted 1n part of the same
connection line, and connection line 115 may branch off at
any given point from connection line 11¢ between the emu-
lation channels, and vice versa. It will further be appreciated
with respect to FIG. 2 that, for reasons of symmetry, terminal
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10a may be designated as terminal 10¢' from the perspective
of emulation channel 8', and terminal 10c may be designated
as terminal 104" from the perspective of emulation channel
8".

In practice, these terminals may be any conceivable type of
terminal, thus, there may also be a plurality of terminals. For
example, both a terminal 10c¢, as well as a terminal 10a"; or a
terminal may be realized by a galvanically 1solated switch in
a connection line, so that, for example, connection lines 11c¢
and 114" may be connected or disconnected by a switch of
this kind.

The connection between terminals 106 and 104 may be
provided by cables 22 of considerable length. Since, 1n the
testing of the battery control unit, 1t 1s advantageous to know
precisely which voltage value 1s present at terminals 104, 104"
of control unit 3, each emulation channel 8, 8', 8" still features
two measurement lines 9a, 94', 9a", 9b, 95", 95" For example,
a first measurement line 9a of emulation channel 8 1s used for
recording the value of the reference potential, in particular the
output voltage from emulation channel 8', as 1s present at a
terminal 104" of control unit 3. A second measurement line 95
records the output voltage of emulation channel 8 that 1s
present at terminal 104" of control unit 3. Measurement line
9a 15 also able to pick up the value of the reference potential,
as 1s present at terminal 104" for control unit 3, at a corre-
sponding measurement line 95' of emulation channel 8".

FIG. 3 shows schematically the configuration of an emu-
lation channel 8 in an embodiment. It includes a voltage
source 26 having a reference ground 17 for supplying power
to emulation channel 8, a controllable voltage source 15, and
an amplifier unit 13. Controllable voltage source 15 includes
a reference voltage source and a digital-to-analog converter
that 1s driven via a bus-connection interface 14 to control unit
7. To protect against high voltages, an 1solation barrier 23 1s
configured upstream of bus-connection interface 14. Control-
lable voltage source 15 1s connected to an amplifier unit 13,
1.€., a power amplifier. To transmit information from emula-
tion channel 8 to control unit 7, also provided 1n emulation
channel 8 1s an analog-digital-converter 25 that likewise
transmits the measured current values as galvanically 1solated
values to control unit 7, from where they are communicated to
the stmulation model on processing unit 4. Control unit 7 1s
able to communicate via data-bus connection 21 with a mul-
tiplicity of emulation channels.

Amplifier unit features connection lines 11a, 115, 11¢ and
measurement lines 9a, 9b. It 1s likewise controlled by the
control unit and 1s thus set to regulate the voltage output to
line 115 and 11c¢ 1n such a way that a voltage difference 1s set
between measurement lines 9a, 95 1n accordance with the
setpoint voltage values.

Branch point in lines 115 and 11c¢ 1s not yet shown in FIG.
3. Likewise schematically shown in combination are switches
12 for fault simulation. These switches are likewise con-
trolled by control unit 7, 1.e., via bus-connection interface 14
and 1solation barrer 23. Thus, a galvanically 1solated control
of fault stmulation switches 12 1s ensured.

FI1G. 4 shows the fault stmulation circuit in an embodiment
in greater detail. It depicts amplifier unit 13, whose input 19a
1s connected via a connection line 11a to voltage source 135
which 1s referenced to reference ground 17 of emulation
channel 8. Leading out from output 195 of amplifier unit 13,
where the output voltage of emulation channel 8 1s output, 1s
a connection line, from whose nodal point 16 connection line
115 leads to pick-off terminal 105, and connection line 11c¢
leads to a terminal 10¢, to which, for example, another emu-
lation channel 8" may be connected. In addition, a measure-
ment line 9a leads to an input 19¢ of the amplifier umit 13, and
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a measurement line 96 to an input 194 of the amplifier unit 13.
Terminals 10e and 10/ are connected to inputs 104" and 104 of
CM 3, in order to pick up the measured voltage values there
and transmit them to amplifier unit 13 that regulates the
voltage at output 196 of amplifier unit 13 1n such a way that
the measured voltage differential values correspond, as actual
voltage, to the setpoint voltage from the battery simulation
model.

Lines 11a and 115 include controllable switches 12a and
126 which may be used to simulate a cable rupture in the cell
connector by opening switch 12a, or in the connection
between the control unit and battery by opening switch 125,
or to simulate both types of cable rupture.

Switch 12a 1s provided between reference ground 17 and
terminal 10a. Switch 125 1s provided between output 195 of
the amplifier unit and terminal 105. It may be located
upstream or downstream of nodal point 16. The latter variant
1s indicated by nodal point 16' and connection line 11¢'. In this
case, by opening switch 125, not only 1s a cable rupture
simulated 1n connection line 114 to the control unit, but also
in connection 11¢' to an emulation channel connected 1n
outgoing circuit. If connection line 11¢ branches off upstream
of nodal point 16, the benefit 1s thereby derived that the cable
ruptures referred to may be simulated separately. Given an
identical emulation channel 8" connected 1n outgoing circuit,
the cable rupture 1n the cell connector to a next battery cell
may be simulated by opening a switch 124" provided there,
analogously to switch 12a. In the practical implementation, 1t
may likewise be provided for nodal point 16 to be located
downstream of terminal 1054, so that an emulation channel 8
only has four terminals.

To prevent a current flow between a CM and the battery
emulation device via measurement lines 9a or 95 1n the case
that switch 12a or 1256 1s open, the corresponding measure-
ment lines 9a or 96 should be interrupted during the fault
simulation of the cable ruptures. For that reason, controllable
switches are likewise provided 1n measurement lines 9a, 9b.
Namely, a third switch 12¢ 1n measurement line 94 and a
fourth switch 124 1in measurement line 95. These switches,
12¢ and 124, must each be actuated simultaneously with the
respective corresponding switch, 12a or 125, 1 the connec-
tion line.

However, 11 measurement lines 9a, 95 were merely inter-
rupted, then no voltage would be present at inputs 19¢, 194,
which would lead to clipping of the operational amplifier in
amplifier unit 13, thereby causing unrealistic overshooting
when switching back. To rectily this problem, switches 12c¢,
12d are configured in measurement lines 9a, 96 1n such a way
that, upon mterruption of a measurement line 9a, 96 between
control unit 3 and battery emulation device 5, the section of
measurement line 9a, 95 that 1s connected to amplifier unit 13
1s likewise connected to corresponding connection line 11a,
115, whereby input 19q of amplifier unit 13 and output 1956 of
amplifier umit 13 are connected to measurement input 19¢ of
amplifier unit 13 and to measurement 1nput 194 of amplifier
umt 13, respectively.

In concrete terms, this means that measurement line 9a 1s
closed 1n a first switch setting of third switch 12¢. By switch-
ing over into a second switch setting, first measurement line
94 15 interrupted, and a connection 27a to first connection line
11a 15 closed, so that, to measure the reference potential at
input 19¢, the reference potential 1s now picked off directly at
controllable voltage source 15.

Analogously, 1n a first switch setting of fourth switch 124,
measurement line 96 1s closed and 1s interrupted by switch
124 switching over to a second switch setting; at the same
time, a connection 275 to second connection line 115 being
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closed, so that a value corresponding to the output voltage
from amplifier unit 13 1s now present as a measured value at
mput 194.

To attenuate overshooting during the switch-over process,
capacitors 18a, 185 for switches 12¢ and 12d are provided 1n
parallel to connection lines 9a, 96 and corresponding connec-
tions 27a, 275b.

All references, including publications, patent applications,
and patents, cited herein are hereby incorporated by reference
to the same extent as 1 each reference were individually and
specifically indicated to be incorporated by reference and
were set forth 1n its entirety herein.

The use of the terms “a” and “an” and “the” and similar
referents in the context of describing the invention (especially
in the context of the following claims) are to be construed to
cover both the singular and the plural, unless otherwise ndi-
cated herein or clearly contradicted by context. The terms
“comprising,” “having,” “including,” and “contaiming” are to
be construed as open-ended terms (1.¢., meaning “including,
but not limited to,”) unless otherwise noted. Recitation of
ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate
value falling within the range, unless otherwise indicated
herein, and each separate value 1s incorporated 1nto the speci-
fication as if 1t were individually recited herein. All methods
described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly con-
tradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”) provided herein, 1s
intended merely to better illuminate the invention and does
not pose a limitation on the scope of the invention unless
otherwise claimed. No language in the specification should be
construed as indicating any non-claimed element as essential
to the practice of the imnvention.

Preferred embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill
in the art upon reading the foregoing description. The mven-
tors expect skilled artisans to employ such variations as
appropriate, and the 1nventors intend for the invention to be
practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements 1n all pos-
sible variations thereof 1s encompassed by the invention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.

The mvention claimed 1s:

1. A battery emulation device for simulating a battery cell
voltage at a terminal of a battery control unit 1n accordance
with a setpoint value, the battery emulation device compris-
ng:

a control unit programmed to determine the setpoint value
and provide the determined setpoint value via a galvani-
cally 1solated interface; and

at least one emulation channel, each including:

a voltage source;

an amplifier unit;

connection lines for connecting the emulation channel,
wherein a first connection line 1s configured to connect
the emulation channel to a reference potential, and a
second connection line 1s configured to connect the emu-
lation channel to the terminal of the battery control unit;

measurement lines configured for connecting to the ampli-
fler unit; and
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a fault simulation device configured to simulate fault states
of a battery.
2. The battery emulation device according to claim 1,

wherein the fault states are cable ruptures.

3. The battery emulation device according to claim 1,
wherein the connection lines comprise:

a third connection line configured to connect the emulation
channel to another emulation channel connected 1n out-
g01ng circuit,

wherein the first connection line 1s connected to an input of
the amplifier unit, and the second and the third connec-
tion lines are connected to an output of the amplifier unait.

4. The battery emulation device according to claim 3,
wherein the simulation device comprises at least one of:

a first switch 1n the first connection line and configured to
simulate a cable rupture of the cell connector between
two battery cells, and

a second switch in the second connection line and config-
ured to simulate a cable rupture in the connection
between the control unit and the battery cell.

5. The battery emulation device according to claim 4,

wherein the measurement lines comprise:

a first measurement line for recording the reference poten-
tial at another terminal of the battery control unit; and

a second measurement line for recording the output voltage
of the emulation channel at the terminal of the battery
control unait,

wherein the measurement lines are connected to the inputs
of the amplifier unit to transier the measured values to
the amplifier unait.

6. The battery emulation device according to claim 3,

wherein the simulation device comprises at least one of:

a third switch 1n the first measurement line; and

a Tourth switch in the second measurement line.

7. The battery emulation device according to claim 6,
wherein the first, second, third and fourth switches are relays.

8. The battery emulation device according to claim 6,
wherein the control unit and the at least one emulation chan-
nel are configured to communicate via a data-bus connection.

9. The battery emulation device according to claim 8,
wherein the first, second, third and fourth switches are con-
trollable by the control unit via the data bus connection and
the galvanically 1solated interface.

10. The battery emulation device according to claim 1,
wherein the voltage source i1s a controllable voltage source
having a reference voltage source and a digital-to-analog
converter.

11. The battery emulation device according to claim 1,
wherein a plurality of emulation channels are grouped 1n an
emulation unit and wherein the emulation unit 1s 1mple-
mented on a plug-1n card.

12. The battery emulation device according to claim 11,
wherein the control unit 1s implemented on a separate plug-in
card that 1s connectable via ribbon cables to a plurality of
other plug-in cards.

13. The battery emulation device according to claim 11,
wherein terminals of the emulation unit are provided at a
readily accessible end of the plug-in card.

14. The battery emulation device according to claim 13,
wherein the readily accessible end of the plug-in card 1s an
end of the plug-in card that 1s not directly fastened to a
housing of a module carrier for the plug-in card.

15. A method for testing a battery control unit using a
battery emulation device having a control unit and atleast one
emulation channel for emulating a battery cell voltage at a
terminal of the control unit, the method comprising:
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providing a connections from the at least one emulation
channel to a reference potential, to a terminal of the
battery control unit, and to at least one other emulation

channel;
recording the reference potential at another terminal of the

control unit and recording an output voltage of the emu-
lation channel at the terminal of the battery control unit;

transferring measured voltages to an amplifier unit; and
simulating a fault state by controlling at least one switch

provided 1n the at least one emulation channel.
16. The method according to claim 135, wherein the fault
state 1s a cable rupture.
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